‫ـق‬ ‫ـ‬ ‫بتطبي‬ ‫ـا‬ ‫ـ‬ ‫يقن‬ ‫فر‬ ‫ـام‬ ‫ـ‬ ‫ق‬ ‫ـد‬ ‫ـ‬ ‫لق‬ ‫و‬ ‫اء.‬ ‫ـر‬ ‫ـ‬ ‫الغ‬ ‫ـب‬ ‫ـ‬ ‫تصل‬ ‫ـوع‬ ‫ـ‬ ‫ملوض‬ ‫ـا‬ ‫ـ‬ ‫وجدلي‬ ‫ا‬ ‫ـز‬ ‫ـ‬ ‫وحمف‬ ‫ـا‬ ‫ـ‬ ‫عميق‬ ‫ـا‬ ‫ـ‬ ‫فهم‬ ‫ـة‬ ‫ـ‬ ‫احلديث‬ ‫ـة‬ ‫ـ‬ ‫التقني‬ ‫و‬ ‫ـات‬ ‫ـ‬ ‫التخصص‬ ‫ـددة‬ ‫ـ‬ ‫متع‬ ‫ـات‬ ‫ـ‬ ‫التوجه‬ ‫ـر‬ ‫ـ‬ ‫توف‬ ‫ـتخلص:‬ ‫ـ‬ ‫املس‬ ‫ـم‬ ‫ـ‬ ‫وعل‬ ‫ـة‬ ‫ـ‬ ‫يائي‬ ‫الفيز‬ ‫ـات‬ ‫ـ‬ ‫القياس‬ ‫ـات‬ ‫ـ‬ ‫التقني‬ ‫ـذه‬ ‫ـ‬ ‫ه‬ ‫ـت‬ ‫ـ‬ ‫ومشل‬ ‫ـان)‬ ‫ـ‬ ‫عم‬ ‫يف‬ ‫ـي‬ ‫ـ‬ ‫الص‬ ‫ـمى‬ ‫ـ‬ ‫(تس‬ ‫ـو‬ ‫ـ‬ ‫الن‬ ‫يات‬ ‫ـر‬ ‫ـ‬ ‫قش‬ ‫اء‬ ‫ـر‬ ‫ـ‬ ‫غ‬ ‫ـة‬ ‫ـ‬ ‫اس‬ ‫لدر‬ ‫ـة‬ ‫ـ‬ ‫احلديث‬ ‫و‬ ‫ـيكية‬ ‫ـ‬ ‫الكالس‬ ‫ـات‬ ‫ـ‬ ‫التقني‬ ‫و‬ ‫ـات‬ ‫ـ‬ ‫ي‬ ‫النظر‬ ‫ـا‬ ‫ـ‬ ‫لوجي‬ ‫البيو‬ ‫و‬ ‫اديف‬ ‫ـر‬ ‫ـ‬ ‫ال‬ ‫ـي‬ ‫ـ‬ ‫الكتل‬ ‫ـف‬ ‫ـ‬ ‫الطي‬ ‫ـاس‬ ‫ـ‬ ‫وقي‬ ‫ـي‬ ‫ـ‬ ‫املقطع‬ ‫ـم‬ ‫ـ‬ ‫الرس‬ ‫و‬ ‫ـي‬ ‫ـ‬ ‫الطيف‬ ‫ـل‬ ‫ـ‬ ‫التحلي‬ ‫و‬ ‫ـر‬ ‫ـ‬ ‫اجمله‬ ‫ـم‬ ‫ـ‬ ‫وعل‬ ‫ـة‬ ‫ـ‬ ‫احليوي‬ ‫ـاء‬ ‫ـ‬ ‫الكيمي‬ ‫و‬ ‫لوجيا‬ ‫ـيو‬ ‫ـ‬ ‫الفس‬ ‫و‬ ‫ـلوك‬ ‫ـ‬ ‫الس‬ ‫ـم‬ ‫ـ‬ ‫وعل‬ ‫ـا‬ ‫ـ‬ ‫ي‬ ‫البكر‬
Polydimethyl siloxane (PDMS) is a central component in most foul-release coatings. PDMS films have a large amount of space within the polymer, which can be loaded with small molecular weight silicone oils (D4 and D5). These low water solubility oils migrate to the surface of the films and can diffuse into natural glues disrupting enzyme activity .
Finally, we discuss studies of the effects of molecules leaching from commercial silicones (iPhone covers and medical grade silicone) on invertebrate and vertebrate embryo development. The impact on embryo development suggests that we should look carefully at potential environmental impacts of silicone leachates.
Barnacle biology and glue curing
The discussion and simple model that follow need to be reconciled with the larger body of knowledge about barnacle glue and other biological adhesives as well as with the reality of how a barnacle grows. We began the reconciliation by watching barnacles grow with timelapse videos that show growth and morphology in the baseplate. The two short videos are time-lapse videos of the process (supplemental information in Burden et al., 2012) .
This first video shows growth of the margin of a rapidly growing juvenile barnacle. The bright areas within the barnacle are regions of active calcification. The very edge is calcification of a lateral plate. The bright spikes about 200 microns from the edge are parts of the calcifying base plate. The edge and base grow continuously when viewed in 30-minute time lapse.
The second video is imaging of growth using timelapse epifluorescence microscopy. Although it cannot be seen in the video, we know that a non-fluorescent "glue" is present under the entire baseplate and at the edge of calcification. As the barnacle grows, detritus The bricks and mortar model of barnacle glue curing. We call the model bricks and mortar because the present hypothesis is the structural proteins with their secondary and tertiary structure are analogous to bricks, the peptides which have no secondary structure are mortar, the proteolytic are enzymes are activating and the transglutaminase and oxidases cure cement the bricks and mortar and substrate together. Interestingly, peptides that escape crosslinking function as pheromones for barnacle settlement, and predatory snail and bacterial chemoattractants.
Natural glues and fouling management by interfering with glue curing on the surface moves toward the periphery. This video shows that there is a second highly fluorescent episodic deposition through channels that appear intermittently. The next panel shows the less fluorescent glue in the top panel and then the second fluorescent glue in the bottom panel. We hypothesize the second episodic glue deposition is related to the molt cycle, which is consistent with older literature (Crisp and Bourget, 1985) .
Finally, the next short video is a tomographic image of the side and base plates of a living barnacle grown on a transparent surface. One can see that there are uncalcified and calcified regions in the base plate and can see the well known concentric growth ring structure. We will test the hypothesis that the second fluorescent solution is important to calcification. As growth slows down and the barnacle continues to molt, the calcification becomes continuous.
We developed hypotheses about barnacle glue curing based on barnacle morphology. From the literature and light microscopy of living barnacles with vital stains we saw that living tissues are found in the channels, calcified base plate and parietal plates (Gohad et al. 2009 ) X-Ray Tomography showed the channels and living spaces in the plates are very extensive (Wahl et al., 2011) . To feed these tissue cells and remove waste the barnacle must be able to circulate the equivalent of a blood. Bourget and others reported that barnacle cuticle often tore as it expanded (Bourget and Crisp, 1975; Crisp and Bourget, 1985) . Damage to the cells or plates should cause bleeding. Since barnacles rip their cuticle when they molt and other crustaceans such as lobster, crayfish and crabs, routinely bleed when they molt this seems a reasonable hypothesis. Hardening cuticle following molt is necessary in all crustaceans and leaking of hemolymph is inherent in this process (Terwilliger, 1999) . We hypothesized that as blood and hemolymph clot (cure) in aqueous solution that barnacle glue curing could be a form of blood clotting or wound healing as seen in other crustaceans (Söderhäll and Cerenius, 1998; Wang et al., 2001; Theopold et al., 2004; Tassanakajon et al., 2013) .
We set out to falsify our hypothesis that barnacle glue curing was a form of wound healing. After 5 years of research, we concluded that the hypothesis was strongly supported by every experiment ). Wahl's laboratory at the US Naval Research Lab has subsequently further substantiated and expanded the hypothesis Wahl et al., 2011; Burden et al., 2012 Burden et al., , 2014 . The new factual expansion is that there are two separate secretions that are barnacle glue. One has no apparent duct structure and is presumably blood delivered through tears in the cuticle when it stretches, as the barnacle grows. The other glue secretion is essentially a spot weld a distance many microns from the glued edge of the expanding plate. The second glue is delivered through capillaries and ducts associated with the molt, which were first reported well over a century ago (Wahl et al., 2011) . Barnacles are cyclical animals, growing, molting and reproducing throughout their lives. The timing of these events is critical to understand aspects of adhesion.
Barnacle glue like most other marine glues, but unlike most man made adhesives, forms adhesive bonds and cures in water. Early workers implicated quinone cross-linking as part of glue curing (Lindner and Dooley, 1974) . Unlike other well-studied glues, mussel glue (Waite, 1987) and sand castle worm glue (Wang & Stewart, 2011 , barnacle glue is not rich in L-DOPA but may perform quinone cross-linking through modification of tyrosines (Lindner and Dooley, 1984) . Barnacle glue is mainly protein and studies starting with cured glue show the glue is never completely solubilized (Kamino et al., 2006) . coworkers (2006, 2008) have identified and sequenced a set of structural proteins that are major components of glue. We, and others, are working to understand the assembly of these glue components as they relate to barnacle development and growth.
Barnacle glues are related to wound healing in that coagulation is enzymatically driven. Trypsin-like enzyme activity activates pro-forms of structural proteins, as well as additional serine proteases and crosslinking enzymes . As with trypsin-like enzymes we found with Western blots there is specific binding by antibodies to the crosslinking enzyme, transglutaminase. There is substrate specific transglutaminase activity in curing barnacle glue/blood and specific chemical derivatives followed by acid hydrolysis show about 4% cross-linking in cured barnacle glue. Hyaline cells (similar to platelets in blood) are hemocytes that appear to rupture and appear to be the source of the transglutaminase. Molecules like heparin that prevent blood clotting and interfere with transglutaminase activity reduce adhesion strength of reattached barnacles. At present we are tracking down antimicrobial, cross-linking, and reactive oxygen species (ROS). In order to understand the transition from glue curing to calcification, collaborators are probing the roles of kinases and phosphoproteins in the glues. We have preliminary data indicating that there are oxidases and peroxidases as well as ROS associated with the growing edge of the barnacle baseplate .
The model below synthesizes all that we know about the role of enzymes, peptides and proteins in glue curing (Fig. 1) . This model is based upon our work with glues that contain variable amounts of both barnacle cement secretions, BCS1+ BCS2 (Burden et al., 2012) .
Silicones and foul release
The "Baier adhesive minimum" (Baier, 1970) , is a surface energy range where biological glues stick most poorly. At the Baier minimum it is difficult to exclude water, essential for adhesive bond formation (Waite, 2002) . At the minimum there is little opportunity for strong ionic bonds or covalent bonds. The surface energy is characterized by mixed, weak Van der waals and weak hydrogen bonding as in the siloxane molecules, D4 and D5 (molecules 1 and 2).
Siloxane films like PDMS (molecule 3) have the surface energy of Baier's adhesive minimum. PDMS was the lining of Barnie Clark's artificial heart and has been studied for decades because of its foul release properties. Interestingly, monolayers of siloxane molecule generated by silane technology have the same critical surface energy, but are not as effective at reducing adhesion of natural glues. It has been hypothesized that the low modulus of PDMS film enables adhesive failure. The hypothesis is supported experimentally (Brady and Singer, 2000) . As glue curing is related to blood clotting we looked for impacts of PDMS like molecules on blood clotting and found a patent from the 1950s, which claimed that dimethyl silane multilayers interfered with blood clotting in glass tubes.
In the 1990s Swain's group at Florida Institute of Technology did extensive studies on barnacle adhesion to PDMS films (Kavanagh et al., 2005) . Studying fracture mechanics of barnacle release from PDMS films they noticed what they described as a "viscous sublayer" (Fig. 2 , http://www.youtube.com/FwlHgE3ft-I). In essence, the barnacle was floating on a thin layer of liquid glue. Our group looked at that video, along with the patent on dimethyl silane interruption of blood clotting and hypothesized that molecules leaching out of the surfaces into the biological glues were interfering with curing much as two part epoxy cures incorrectly when mixed in the wrong proportions in our studies of liquid glue. Because we found enzymes, we looked to see if molecules on the surface of silicones would alter enzyme activity.
We found that molecules leach out of silicones (Fig. 3) and that those molecules alter the activity of at least trypsin and transglutaminase enzymes . Interestingly, although the impacts on barnacle glues include differences in morphology and adhesion strength between individual barnacles and between different specific silicone films, the general effect (as shown in figure 2), is that molecules leaching out of silicones enhance trypsin like proteolytic activity and inhibit crosslinking by transglutaminase . The result is more small peptides, fewer intact glue proteins and less crosslinking. All effects are consistent with generation of the viscous sublayer observed in the Florida Institute of Technology high-speed video of barnacle detachment (Fig. 2) .
This finding is exciting because it provides a mechanism for disrupting the curing of biological adhesives using additives to PDMS and other polymers. Although PDMS and other soft coatings might not be appropriate for a hull or propeller/impeller coating, these coatings could be used where soft coatings would be tolerated such as sensor coatings and coatings that could be cleaned by a water jet rather than a brush. Brushing a soft coating is not a good idea because many attached foulers have calcareous shells, which act as an abrasive and cut into the coating during brushing.
Silicone leachates and organismal impacts
We discovered during the silicone work that a non-chemical catalyst was conjugating silicone molecules to a steroid (Fig. 3) . We hypothesize the catalyst was microbial metabolism of silicone compounds . Knowing that molecules leaching out of silicone alter enzyme activities prompted the question if complex biological systems are impacted by silicone leachates. As embryo development is a very sensitive assay, we chose to test development of an invertebrate, sea urchin embryos, and a vertebrate, Japanese Medaka fish embryos (Feng and Rittschof, 2011) . In the first series of experiments we tested foul release coatings and model systems. When that series indicated urchin and fish development were impacted, we moved to more Figure 2 . The viscous layer of glue underneath a barnacle attached to silicone (modified from Kavanagh et al., 2005) .
Natural glues and fouling management by interfering with glue curing general silicone surfaces and pure molecules. In that series of experiments we used medaka embryos and tested medical grade silicone, silicone iPhone covers, silicone coffee lids and pure small silicones D4 and D5 (molecules 1 and 2).
For invertebrate and vertebrate toxicology experiments we used a cork borer and cut circles of silicone that fit snugly in the bottom of 24 well polystyrene plates. We added 2 milliliters of NIH embryo rearing medium to each well and then each well received one pre-gastrula developing Medaka egg. Each treatment had 30 replicates. For the small silicone monomers we did a dilution series of D4 silicone (3.0 mg/ml and 0.3 mg/ml) in glass scintillation vials. In plate assay and vial assays the embryos were maintained and 25°C photographed daily and the water was changed every two days.
We were surprised that all treatments had an effect on Medaka embryo development. Exposing the embryos to silicones reduced mortality presumably due to microbiocidal activity of the leachates in the static conditions. Another consistent impact was the inability of hatched embryos in experimental treatments to inflate their swim bladders. Finally, seen occasionally in the experimental treatments and never in the controls were developmental abnormalities including lack of development of a head, circulatory system disorders, small eyes and only one eye (Fig. 4) . The total impact of these treatments is the subject of a manuscript being prepared for submission in a toxicology journal.
All technology has positive and negative impacts. Our ultimate goal is to maximize the positive impacts while minimizing the negative impacts. Often, the negative impacts only become apparent when a particular technology gains market share or societal acceptance. As a consequence, rather than proactive solutions, society is forced into reactive solutions. We suggest that the rational way forward is to begin any development process by including studies that provide insight into potential negative impacts. Adding this knowledge to the research thread that ends in product development would slow the development process down slightly, but result in value added for reducing future human health, environmental health and societal costs. 
